1. Introduction {#sec1-materials-13-01173}
===============

Planar graphene sheets possessing a good electrical conductivity and mechanical strength as well as transparency and flexibility are very attractive for advanced electronics and energy applications \[[@B1-materials-13-01173],[@B2-materials-13-01173]\]. The chemical vapor deposition (CVD) method provides a scalable synthesis of the sheets on different catalytic substrates, and copper is among the cheapest ones \[[@B3-materials-13-01173]\]. At elevated temperatures, precursor carbon-containing molecules decompose at the substrate and the obtained species form the graphene domains that coalescence over the synthesis yields a continuous polycrystalline graphene layer \[[@B4-materials-13-01173]\]. The low solubility of carbon in copper allows the production of large area graphene monolayers on the substrates \[[@B5-materials-13-01173]\]. Few-layer graphene is also an important material for the applications, which require specific mechanical properties and interlayer spaces \[[@B6-materials-13-01173]\]. It is assumed that the growth of a few layers on a copper substrate is due to the penetration of feeding gas molecules between copper and underlayer graphene \[[@B7-materials-13-01173]\]. It becomes possible when edges of graphene sheet are not in tight contact with copper. A high ratio of hydrogen gas in the reaction mixture could provide saturation of the edges by hydrogen atoms \[[@B8-materials-13-01173]\], however the exact synthesis mechanism is still unknown \[[@B9-materials-13-01173]\].

The use in the CVD process of molecules containing non-carbon atoms is a practical way to initiate the heteroatom doping of graphene \[[@B10-materials-13-01173],[@B11-materials-13-01173]\]. The insertion of foreign elements into the graphene lattice changes the electronic properties and enhances the reactivity of graphene \[[@B12-materials-13-01173]\], which is rather inert chemically. Nitrogen is the most often used doping element. There are two main reasons for this: (1) the close size of the nitrogen atom to the carbon one makes the substitution easier and (2) many nitrogen-containing compounds can be used in CVD synthesis \[[@B10-materials-13-01173],[@B13-materials-13-01173]\], where volatile reagents are required. The highest concentration of nitrogen achieved in the N-graphene is ca. 16.7% \[[@B14-materials-13-01173]\]. As for the phosphorus, it buckles significantly out of the graphene plane due to the large size of the atom \[[@B15-materials-13-01173]\]. This complicates the CVD synthesis of P-graphene and so far, there are only a few works on this topic \[[@B16-materials-13-01173],[@B17-materials-13-01173],[@B18-materials-13-01173]\]. The values of the content of phosphorus in P-graphene reported in the literature are below ca. 5%.

Direct substitution of carbon by nitrogen results in the *n*-doping of graphene \[[@B19-materials-13-01173]\]. This form of the inserted nitrogen, so-called graphitic N, is the most preferable energetically \[[@B20-materials-13-01173]\]. At low synthesis temperatures, pyridinic N and pyrrolic N forms are usually realized \[[@B21-materials-13-01173],[@B22-materials-13-01173]\]. The former nitrogen is a two-coordinated atom located at boundaries of vacancies or graphene domains, while the latter nitrogen is in a carbon pentagonal ring and bonded with hydrogen atom. The quantum-chemical calculations predict *p*-type graphene doping with the insertion of pyridinic N and no electron/hole doping by pyrrolic N \[[@B23-materials-13-01173]\]. Surprisingly, most of the literature data detect the larger conductivity of the CVD-produced N-graphene, as compared to pure graphene independently on the form of the incorporated nitrogen \[[@B24-materials-13-01173],[@B25-materials-13-01173],[@B26-materials-13-01173]\]. Phosphorus is less electronegative than carbon and therefore it should donate electron density to graphene \[[@B27-materials-13-01173]\]. The studies of the electrical properties of P-graphene films observed the *n*-type doping of graphene with substitutional phosphorus \[[@B16-materials-13-01173],[@B28-materials-13-01173],[@B29-materials-13-01173]\].

In current work, we report the synthesis of few-layer graphene films on copper substrates using low pressures of a gaseous mixture of CH~4~/H~2~ at 1323 K (pure graphene), CH~3~CN/H~2~ at 1123 K (N-graphene) and CH~4~/PH~3~/H~2~ at 1173 K (P-graphene). The films transferred onto the SiO~2~/Si substrates were studied by Raman, X-ray photoelectron spectroscopy (XPS), near-edge absorption fine structure (NEXAFS) spectroscopy and electrical conductivity measurements. We showed that an annealing of the films in a vacuum is a necessary step to remove the surface contaminations and it modifies the electronic state of the constituting elements. The changes in the sheet resistance were related with the alternations observed experimentally in the valence and conduction bands of pure graphene film upon the insertion of nitrogen and phosphorus.

2. Materials and Methods {#sec2-materials-13-01173}
========================

Graphene films were grown on electrolytic 35 µm thick copper foils (Chang Chun Group, Taipei, Taiwan) using the low-pressure variant of the CVD method. Details of the pretreatment of copper foil and the design of tubular CVD reactor equipped with a moveable oven can be found in \[[@B30-materials-13-01173]\]. One square centimeter foil was placed in the reactor center. The reactor was evacuated to a pressure of 5 Pa and filled with hydrogen to a pressure of 10000 Pa. To remove the surface oxide and enlarge the copper grain size, the foil was annealed at 1323 K for 0.3 h, cooled to ca. 723 K at a rate of ca. 0.5 grad min^−1^ and then naturally to ca. 423 K. Then, the reactor was evacuated, filled with a carbon-containing gas and hydrogen to pressure values of 400 Pa and 2000 Pa, respectively, and heated to a required temperature. The synthesis was conducted for 0.3 h, and after that the oven was moved away from the foil and the reactor was cooled down at a rate of ca. 2 grad min^−1^. Pure graphene was synthesized from methane at 1323 K. 40 Pa of phosphine was added to methane for the growth of P-graphene at 1123 K, and N-graphene was produced from acetonitrile at 1173 K \[[@B31-materials-13-01173]\].

The copper foil was etched in an aqueous solution of iron (III) chloride (30 wt.%) for 2 h. Cooper-free graphene film was washed twice in diluted HCl (10 wt.%) and then in deionized water to neutral pH. The floating graphene was caught by a silicon substrate with a 300-nm surface oxide layer. The sample was dried in laboratory conditions.

The images of the films on SiO~2~/Si were taken using a BX 51TRF (Olympus Corporation, Tokyo, Japan) optical microscope and S-3400N (Hitachi Ltd., Berkshire, UK) scanning electron microscope (SEM). Raman spectra were recorded using an excitation from an Ar^+^ laser at 514 nm on a LabRAM HR Evolution (Horiba, Kyoto, Japan) spectrometer. Electrical characterization of the films was carried out on a four-point probe station MPS150-C1A (Cascade Microtech GmbH, Thiendorf, Germany) by Van der Pauw method under ambient conditions. Electrodes were deposited by silver conductive paint on each corner of graphene film, with a size of ca. 5 × 5 mm^2^.

The XPS and NEXAFS experiments were carried out using monochromatized synchrotron radiation from the Russian--German beamline (RGBL) at the Berliner Elektronenspeicherring für Synchrotronstrahlung (BESSY II, the Helmholtz-Zentrum Berlin, Germany). The angle between the incident radiation and the graphene surface was 55°. NEXAFS spectra near the C K-edge were acquired in the total electron yield (TEY) mode. The base pressure in the measurement chamber was better than 10^−9^ mbar. An excitation photon energy was 830 eV for XPS overall spectra and C 1s spectra, 830 and 500 eV for N 1s spectra, and 200 eV for P 2p spectra. The spectra were fitted using a Gaussian/Lorentzian function, except of the sp^2^-component in C 1s spectra, where a Doniach--Sunjic high-energy tail was added to that function. Valence-band XPS spectra were measured at 100 eV. Energies of XPS spectral lines were calibrated to the Au 4f~7/2~ component position with an accuracy of ca. 0.05 eV.

3. Results {#sec3-materials-13-01173}
==========

The graphene monolayer located on a SiO~2~/Si substrate is visible, owing to the absorption of ca. 2.3% of white light \[[@B32-materials-13-01173]\]. [Figure 1](#materials-13-01173-f001){ref-type="fig"}a compares the optical images of the transferred films. Graphene film has uniform contrast, whereas a domain structure is well distinguished in P-graphene and N-graphene. Some domains have different contrasts. This is especially visible for N-graphene and indicates the various number of graphene layers. The size of domains varies from ca. 8 to 50 µm in P-graphene and from ca. 30 to 100 µm in N-graphene. The SEM study confirms the homogeneous structure of the graphene film and the presence of domain boundaries in P-graphene and N-graphene ([Figure 1](#materials-13-01173-f001){ref-type="fig"}b). A high magnification of the SEM instrument allows for the detection of that size of domains, which can be less than one micrometer.

It has been shown previously that the determining step for the formation of continuous graphene film is the attachment of carbon species to the graphene edges \[[@B33-materials-13-01173]\]. The process has a high activation energy and therefore it should occur more easily at high temperatures. Actually, the synthesis at 1323 K from methane produced a uniform film (top images in [Figure 1](#materials-13-01173-f001){ref-type="fig"}a,b). The CVD growth of graphene includes the processes of molecule adsorption, bond breaking, carbon coalescence and other phenomena \[[@B34-materials-13-01173]\]. A study of the adsorption and dehydrogenation of CH~4~ on copper substrate within the density functional theory (DFT) showed that these processes rarely occur below 1073 K \[[@B35-materials-13-01173]\]. For the growth of P-graphene, where methane was the main feeding gas, the temperature was reduced to 1123 K to provide the insertion of phosphorus into the graphene lattice. The film formed at this low temperature consists of domains of different sizes (central image in [Figure 1](#materials-13-01173-f001){ref-type="fig"}a). The decomposition of phosphine creates phosphorous impurities on the substrate, which can be obstacles for producing high quality graphene \[[@B34-materials-13-01173]\]. Compared to P-graphene, domains of N-graphene film produced at 1173 K have a larger size on average and this observation may indicate that the synthesis temperature is a more important factor for the continuous growth of graphene than the nature of the precursors. Although, the latter influences the mechanism of the graphene growth.

Raman spectroscopy is an indispensable method for the structural characterization of graphitic materials \[[@B36-materials-13-01173]\]. Raman scattering detected the lowest intensity of the D peak in the spectrum of pure graphene film ([Figure 1](#materials-13-01173-f001){ref-type="fig"}c). This peak is activated by disorder in the graphene lattice and the integrated intensity ratio of D and G peaks (I~D~/I~G~) is often used for the estimation of the density of the defects. Topological defects, edge states and stacking faults of the layers are most likely responsible for the D peak activation in pure graphene film. The intravalley phonon scattering at defects produces the D' peak \[[@B37-materials-13-01173]\]. Peaks 2D and 2D' are overtones of peaks D and D', respectively. They are always present in the Raman spectrum, regardless of the occurrence of defects in the graphitic material. The spectra of P-graphene and N-graphene show a growth of the relative intensities of D and D' peaks, as compared to the spectrum of pure graphene film.

Phonon scattering is dependent on electrons and any variation of electronic structure modifies the Raman peaks \[[@B37-materials-13-01173]\]. An upshift of the G peak in the spectra of P-graphene and N-graphene ([Figure 1](#materials-13-01173-f001){ref-type="fig"}c) demonstrates the occurrence of doping compared to pure graphene film \[[@B38-materials-13-01173]\]. A larger doping level was achieved in N-graphene. A study of the electrochemically top-gated graphene showed that the shift of the 2D peak determines the type of the doping. As relative to the 2D peak for pure graphene film, the position of the 2D peak in the spectrum of P-graphene remains unchanged within the experimental error (±2 cm^−1^ at the used wavelength) and this corresponds to low electron-doping \[[@B39-materials-13-01173]\]. The upshift of this peak by \~7 cm^−1^ for the N-graphene could be due to hole-doping. Moreover, it was shown that the G and 2D peaks shift to the same side for hole-doping \[[@B38-materials-13-01173]\] and such a trend is observed in the spectrum of N-graphene. The ratio of intensities of the 2D and G peaks (I~2D/G~) is a parameter dependent on doping density \[[@B39-materials-13-01173]\]. This ratio is especially low for N-graphene ([Figure 1](#materials-13-01173-f001){ref-type="fig"}c), indicating a higher doping. It was shown that the I~2D~/I~G~ value may be less than unity when the concentration of nitrogen in graphene monolayer is \~0.25--0.35% \[[@B40-materials-13-01173]\]. Since Raman spectra of P-graphene and N-graphene exhibited a high relative intensity of D-peak and optical images detected many domain boundaries, we suppose that both edge graphene defects and heteroatom defects are responsible for the suppression of 2D-peak intensity.

The number of layers in graphene films was evaluated from overall XPS spectra after annealing the samples in the spectrometer chamber at 773 K for 1 h. The spectra exhibited a dominant C 1s line and the core lines of oxygen and silicon from the oxidized silicon surface ([Figure 2](#materials-13-01173-f002){ref-type="fig"}a). The higher intensities of Si 2p and Si 2s lines correspond to the thinner graphene film. Under the used synthesis conditions, we produced a thick pure graphene film and a thin N-graphene film. By taking into account a ratio of intensities of the C 1s line to the Si 2p line and atomic cross-section factors, the thickness of the films was evaluated from the attenuation law for photons in matter. The obtained values correspond to five layers in pure graphene film, four layers in P-graphene film, and three layers in N-graphene film, on average. This confirms that the I~2D~/I~G~ value from Raman scattering cannot be used to determine the thickness of heteroatom-doped graphene.

[Figure 2](#materials-13-01173-f002){ref-type="fig"}b presents the C 1s XPS spectra for the films on SiO~2~/Si substrates before annealing in a vacuum. In addition to an intense component corresponding to sp^2^-hybridized carbon areas, the spectra have a set of components at higher binding energies. The component at ca. 284.9 eV in the spectrum of pure graphene film is attributed to disordered carbon, which is intermediate between sp^2^ and sp^3^ states \[[@B41-materials-13-01173]\]. These can be topological defects constituting the boundaries of graphene domains \[[@B42-materials-13-01173]\], C-H bonds, and atoms located near the carbon bonded with oxygen groups (C\*-C(O)) \[[@B43-materials-13-01173]\]. The high-energy components correspond to C--OH (286--286.7 eV), C=O (287.6--288.8 eV) and COOH (ca. 289.4 eV) groups. The oxygen species contaminating the graphene surface were developed during the procedure of film transferring from copper to SiO~2~/Si and/or contact with laboratory air.

The disordered carbon component is upshifted by ca. 0.4 eV in the spectrum of P-graphene and ca. 0.7 eV in the spectrum of N-graphene ([Figure 2](#materials-13-01173-f002){ref-type="fig"}b). The bonding of carbon atoms with phosphorus and nitrogen could cause this shift. Actually, the binding energies of carbon in C--P bonds are around 285.7 eV \[[@B44-materials-13-01173]\] and those in sp^2^ C=N and sp^3^ C--N bonds are around 285.8 and 287.1 eV, respectively \[[@B45-materials-13-01173]\]. These values are within the intervals occupied by the disordered components in the C 1s spectra of P-graphene and N-graphene. We also notice a marked upshift of the sp^2^ component in the spectrum of N-graphene. The shift of the C 1s core line is attributed to *p*- or *n*-type doping when the binding energy decreases or increases, respectively. However, the contact of carbon atoms with highly electronegative oxygen can be another factor causing a positive charging of the graphene network. The same shift of the sp^2^ and disordered components observed in the spectrum of N-graphene, relative to the positions of corresponding components for pure graphene, may be due to the influence of oxygen.

Annealing in an ultra-high vacuum at 773 K strongly reduces the amounts of oxygen groups and disordered carbon in the graphene films and changes the position of sp^2^ components ([Figure 2](#materials-13-01173-f002){ref-type="fig"}c). A higher relative intensity of high-energy components in the spectra of P-graphene and N-graphene indicates a larger disorder in these films as compared to the film of pure graphene. The width of the sp^2^ component in the spectra of the annealed samples increases from 0.61 eV for graphene to 0.91 for P-graphene and 1.12 eV for N-graphene. The broadening of this component is related to a distribution of different orientations of dangling bonds in the graphitic structure \[[@B41-materials-13-01173]\]. The upshift of the sp^2^ component in the spectra of annealed N-graphene and P graphene is less than 0.1 eV, respective to the position for pure graphene ([Figure 2](#materials-13-01173-f002){ref-type="fig"}c). This value is too small for us to unambiguously conclude about the *n*-type doping.

The N 1s XPS spectra of N-graphene showed that the annealing significantly affects the chemical state of nitrogen ([Figure 3](#materials-13-01173-f003){ref-type="fig"}a). A peak at ca. 400.6 eV with a high asymmetry at both sides dominated in the spectrum of the non-annealed N-graphene/SiO~2~/Si sample. This binding energy is assigned to pyrrolic N \[[@B45-materials-13-01173]\]. Similar asymmetric-shape spectra have been presented previously in the papers devoted to the nitrogen-doped graphenes \[[@B24-materials-13-01173],[@B25-materials-13-01173],[@B46-materials-13-01173],[@B47-materials-13-01173],[@B48-materials-13-01173]\]. After the sample annealing at 773 K, the N 1s spectrum exhibited two well-resolved peaks at 398.7 and 401.0 eV, corresponding to pyridinic N and graphitic N, respectively. The total concentration of nitrogen in the annealed N-graphene film was evaluated from the overall XPS spectrum ([Figure 2](#materials-13-01173-f002){ref-type="fig"}a) to be about 0.7%.

The studies of nitrogen-containing graphitic materials have detected the lowest thermal stability of the pyrrolic N \[[@B49-materials-13-01173],[@B50-materials-13-01173]\] and here we show that the used temperature is sufficient for the de-hydrogenation of this nitrogen. A rise of the low-energy component and the high-energy component in the spectrum of the annealed N-graphene supposes the transformation of the pyrrolic N in the pyridinic N and graphitic N, respectively. At the excitation energy of 830 eV, the mean free path of the N 1s photoelectrons allows probing about five graphene layers \[[@B51-materials-13-01173]\]. Thus, the spectra measured at this energy provide information about nitrogen distributed in all layers of the N-graphene film.

With the purpose of examining the electronic state of nitrogen in two surface layers, we measured the N 1s spectrum at an excitation energy of 500 eV ([Figure 3](#materials-13-01173-f003){ref-type="fig"}a). As compared to the spectrum recorded at 830 eV, this spectrum showed a reduced intensity of the peak at 398.7 eV and emergence of a high-energy peak at ca. 403 eV. The latter peak is often attributed to oxidized nitrogen species \[[@B52-materials-13-01173]\]. However, such an assignment is unacceptable in this case because the N-graphene sample has been annealed in an ultra-high vacuum and after that its surface was not expose to air. Other possible configurations of nitrogen, which can possess this binding energy, are the clustered graphic N atoms \[[@B45-materials-13-01173]\] and graphitic N located at the sheet edge \[[@B53-materials-13-01173]\]. These atoms should be more stable energetically than the pyridinic N. Nitrogen forms, which can be realized in the studied N-graphene films, are schematically shown in [Figure 3](#materials-13-01173-f003){ref-type="fig"}b.

[Figure 3](#materials-13-01173-f003){ref-type="fig"}c presents the P 2p XPS spectrum measured for the annealed P-graphene. The estimated concentration of phosphorus is below 0.1%. A low-energy spin-orbit doublet with the energy of P 2p~3/2~ component of ca. 132.0 eV is assigned to the C--P=O bonds \[[@B54-materials-13-01173],[@B55-materials-13-01173]\]. An intense doublet with the P 2p~3/2~ component located at ca. 134.0 eV corresponds to the higher oxidation state of phosphorus. These oxidized phosphorus species are likely located at the edge of graphene domains as the model in [Figure 3](#materials-13-01173-f003){ref-type="fig"}b proposes.

The valence band XPS spectra of the annealed films revealed an influence of the underlayer SiO~2~/Si substrate on the spectral shape ([Figure 4](#materials-13-01173-f004){ref-type="fig"}a). The spectrum of pure graphene film is similar to that measured for sp^2^-hybridized carbon at the used excitation energy \[[@B56-materials-13-01173]\]. The dominant peak in the spectrum corresponds to occupied σ-states, and the peak at ca. 3.0 eV is formed by π-states of graphene. The spectral shape characteristic for the sp^2^ carbon is significantly distorted in the case of N-graphene film. This film is the thinnest of the studied samples that result in greater contribution from the SiO~2~ to the spectrum. A study of SiO~2~/Si samples by valence band XPS spectroscopy has detected the appearance of spectral intensity after 4 eV \[[@B57-materials-13-01173]\]. Therefore, we can compare effect of the heteroatom doping on the valence states before this value. The insert in [Figure 4](#materials-13-01173-f004){ref-type="fig"}a compares the fragments of the spectra, normalized to the maximal intensity. Between 0 eV and ca. 2.5 eV, pure graphene and P-graphene have a similar density of occupied states. The nitrogen doping cannot cause a large increase of the density observed in the valence band XPS spectrum of N-graphene. It has been shown previously that the electrons of carbon atoms at the boundaries of graphene-like structures form localized states near the Fermi level \[[@B58-materials-13-01173]\].

Unoccupied states of carbon in graphene films were examined using NEXAFS C K-edge spectra ([Figure 4](#materials-13-01173-f004){ref-type="fig"}b). Electron transitions from 1s carbon levels to partially occupied and empty π- and σ-states produce the π\*-resonance at 285.4 eV and σ\*-resonances at 291.7 and 292.8 eV \[[@B59-materials-13-01173]\]. Splitting of the σ\*-resonance indicates a high crystallinity of graphene layers \[[@B60-materials-13-01173]\]. The smoothing of the splitting observed in the spectrum of N-graphene confirms that this film has the highest amount of imperfections in the structure. The absence of peaks between the π\*- and σ\*-resonances indicates a negligible amount of heteroatoms (including oxygen) in the annealed graphene films. A weak peak at ca. 288.2 eV can be attributed to C--N bonding \[[@B61-materials-13-01173],[@B62-materials-13-01173]\]. The insert in [Figure 4](#materials-13-01173-f004){ref-type="fig"}b compares the low-energy region of the C K-edge spectra, normalized to the π\*-resonance intensity. The density of the unoccupied states gradually increases from pure graphene to P-graphene and then to N-graphene. This shoulder can be attributed to vacancy and edge defects \[[@B63-materials-13-01173]\].

A study of electrical properties of the SiO~2~-supported graphene films detected a decrease in sheet resistance after annealing ([Figure 5](#materials-13-01173-f005){ref-type="fig"}). The literature data show that graphene easily interacts with air and the adsorbed oxygen molecules cause *p*-type doping particularly \[[@B64-materials-13-01173]\]. Our annealed samples were stored for a few days in ambient conditions before the measurements of electrical properties. During this time, they interacted with environmental air molecules, which could change sheet resistance to the initial value. However, that did not happen. Hence, the imperfections produced during the CVD synthesis and the contaminations from the transfer procedure also have an impact on charge transport in graphene films. The sheet resistance increases as graphene \< P-graphene \< N-graphene. This behavior may correspond to the *n*-type doping of P-graphene and N-graphene compared to *p*-doped graphene.

4. Discussion {#sec4-materials-13-01173}
=============

The studied graphene samples were synthesized using the low-pressure CVD method with a change of the precursor, providing various atoms for the film growth and the synthesis temperature to facilitate the insertion of heteroatoms (phosphorus or nitrogen) in the graphene lattice. These variable parameters are listed in [Table 1](#materials-13-01173-t001){ref-type="table"}, together with structural and electrical characteristics for the films studied after their wet transfer to SiO~2~/Si substrates. The used synthesis conditions, particularly, ratio of the pressures of CH~4~ and H~2~ of 400 to 2000 Pa, cause the growth of few-layer graphene \[[@B30-materials-13-01173]\]. It has been shown theoretically that at a high hydrogen pressure, the hydrogen atoms terminate the edges of graphene and this produces channels between graphene and copper for the diffusion of carbon species to the substrate for the growth of the next graphene layer \[[@B8-materials-13-01173]\]. Our results support this mechanism. The XPS spectra of raw graphene films on SiO~2~/Si substrates detected C--H ([Figure 2](#materials-13-01173-f002){ref-type="fig"}b) and N--H states ([Figure 3](#materials-13-01173-f003){ref-type="fig"}a). Annealing of the films in an ultra-high vacuum at 773 K substantially reduces the amount of these bonding states. The termination of edge carbon atoms with hydrogen at a high content of H~2~ in the reaction mixture is probably a common phenomenon \[[@B65-materials-13-01173]\].

Compared to homogeneous graphene film, the P-graphene and N-graphene films have shown a domain structure ([Figure 1](#materials-13-01173-f001){ref-type="fig"}a,b). The size of graphene domains is substantially determined by the structure of the copper substrate \[[@B3-materials-13-01173],[@B4-materials-13-01173]\]. Since the pretreatment of copper foil was identical in all experiments, continuous growth of the graphene film is related to the higher temperature, facilitating the attachment of the carbon species to the graphene edges. Interestingly, the number of layers in N-graphene may vary within the same domain. This could be due to a difference in the diffusion of carbon and nitrogen atoms over copper \[[@B21-materials-13-01173]\].

Raman scattering detected a huge I~D~/I~G~ value for N-graphene compared to P-graphene ([Table 1](#materials-13-01173-t001){ref-type="table"}). Defects in these graphene films are boundaries of domains and heteroatoms. The analysis of XPS spectra determined that there was ca. 0.7% of nitrogen in N-graphene and less than 0.1% of phosphorus in P-graphene. The tiny shifts of the Raman peaks for P-graphene could correspond to a very low *n*-type doping, however, the value of the shifts lies within the experimental error. The spectrum of N-graphene showed the upshifts of the peaks. The same behavior was observed when a negative gate voltage applied to graphene induced its hole-doping \[[@B38-materials-13-01173]\]. However, an increase of the binding energy of C 1s peak in the XPS spectrum of N-graphene ([Figure 2](#materials-13-01173-f002){ref-type="fig"}b) is a sign of *n*-type doping. Another reason for the stiffening of the Raman peaks is the distortion of carbon bonds due to insertion of nitrogen atoms in the graphene lattice \[[@B66-materials-13-01173]\]. Pyrrolic N introduces the greatest distortion and this form prevails in the synthesis product as the N 1s spectrum shows ([Figure 3](#materials-13-01173-f003){ref-type="fig"}a).

Annealing of the samples in ultra-high vacuum at 773 K for 1 h modified the electronic state of carbon and nitrogen. The treatment allowed the removal of most of the oxygen groups and reducing disorder in the graphene films. Since after that the C 1s spectrum of N-graphene moved closer to the position of the pure graphene spectrum ([Figure 2](#materials-13-01173-f002){ref-type="fig"}c), we conclude that the upshifts of the spectral peaks observed in the raw film are due to a polarization effect from oxygen groups. As the result of annealing, pyrrolic N transformed to pyridinic N and graphitic N. Graphitic N forms faster in the upper layers of the film. This result agrees with the observation of preferable formation of the graphitic N under annealing of few-layer graphene with the nitrogen species implanted by nitrogen ions irradiation \[[@B67-materials-13-01173]\]. Annealing did not clear the phosphorus atoms from oxygen, due to strong interactions between the atoms.

The XPS measurements observed an upshift of the top of the valence band for N-graphene only ([Figure 3](#materials-13-01173-f003){ref-type="fig"}a). This was accompanied by a huge increase in the density of the occupied states. The quantum-chemical calculations have predicted the appearance of a strong peak before the Fermi level and *p*-doping for N-graphene containing 1% of pyridinic N \[[@B68-materials-13-01173]\]. This behavior was related to the edge states of the vacancies required for pyridinic N placement. Our N-graphene after annealing contained ca. 0.3% of pyridinic N and ca. 0.4% of graphitic N. According to theory, this could cause an increase of both occupied and empty states around the Fermi level, whereas the Dirac point will slightly upshift relative to that for graphene \[[@B68-materials-13-01173]\]. The former effect reveals itself in XPS valence band and NEXAFS spectra as an enhanced intensity around the Fermi level ([Figure 4](#materials-13-01173-f004){ref-type="fig"}); the latter one is observed as an upshift of the C 1s peak for N-graphene ([Figure 2](#materials-13-01173-f002){ref-type="fig"}c).

The measurements of the electrical properties of the films detected a larger sheet resistance of graphene films with heteroatoms ([Figure 5](#materials-13-01173-f005){ref-type="fig"}). The *n*-type doping could explain a decrease in the conductivity of P-graphene and N-graphene relative to the *p*-doped pure graphene. The analysis of the C 1s spectra suggests a higher level of doping for P-graphene, whereas the sheet resistance is substantially larger for N-graphene ([Table 1](#materials-13-01173-t001){ref-type="table"}). Thus, we conclude that the low conductivity comes mainly from the scattering of charge carriers by heteroatoms and topological defects on the domain boundaries \[[@B69-materials-13-01173]\]. Domain boundaries may give rise to the carrier scattering and serve as the adsorption sites for gas molecules and contaminations. The used spectroscopic methods observed the higher impact of defects on the electronic structure of N-graphene as compared to P-graphene. Optical microscopy, however, demonstrated a smaller size of domains on average in the latter film ([Figure 1](#materials-13-01173-f001){ref-type="fig"}a). Therefore, we conclude that the domain boundaries in N-graphene and P-graphene have different structures. The decomposition of acetonitrile, the precursor of N-graphene, and methane mixed with phosphine, used for the growth of P-graphene, yield different species (C, C~2~, CN, N, P, etc.), which require different energies for the activation and attachment to the edges of a growing domain. As the result, the edges of the adjacent domains may connect tightly or weakly, forming a compact or sparse boundary.

The insertion of nitrogen and phosphorous in graphene can be achieved during the synthesis or post-synthesis treatment. Chemical forms of the embedded heteroatoms and electronic structure of the obtained material depend on the synthesis method, as well as the used parameters. In the post-synthesis treatment, the nature of the initial graphene material is also important. Particularly, the treatment of few-layer graphene may introduce heteroatoms only in the surface layers. The synthesis, characterization and properties of heteroatom-doped graphene nanomaterials are described in the recent reviews \[[@B10-materials-13-01173],[@B11-materials-13-01173],[@B12-materials-13-01173],[@B70-materials-13-01173]\]. The methods providing the bonding of carbon atoms with heteroatoms during the graphene growth are CVD and arc discharge \[[@B11-materials-13-01173],[@B71-materials-13-01173]\]. There, the concentration and forms of the nitrogen atoms are strongly dependent on the nitrogen-containing precursor \[[@B72-materials-13-01173]\], the synthesis temperature \[[@B73-materials-13-01173]\], the inert gas \[[@B74-materials-13-01173]\], etc. The phosphorus atom is difficultly inserted into the growing graphene due to the large atomic size. Because the C--C bond is thermodynamically more preferable than C--N and C--P bonds, the increase of the synthesis temperature reduces the amount of the embedded heteroatoms \[[@B70-materials-13-01173]\]. Generally, the substitution of a carbon atom by nitrogen or phosphorous results in the *n*-type doping of graphene. Pyridinic N induces *p*-doping, while in the hydrogenated form it can behave as an *n*-type dopant \[[@B73-materials-13-01173]\]. The effect of pyrrolic N is still unclear. Graphene edges are necessary for the accommodation of these nitrogen forms and the edge states between domains and at the vacancy boundaries, which affect the electronic structure of graphene. Since different forms can be realized during the synthesis and some of them require defects in the graphene lattice, it is not easy to determine a contribution of the certain form of heteroatom on the electronic structure of graphene. In this study, we were able to correlate the data of Raman scattering, NEXAFS, and XPS with measurements of the sheet resistance of graphene, P-graphene, and N-graphene, and showed an important contribution of the edges' states to conductive properties of CVD-grown few-layer films. We found that a temperature of 773 K is sufficient for the complete conversion of pyrrolic N to graphitic N and pyridinic N. It has been shown theoretically that the co-existence of graphitic N and pyridinic N causes a little (if any) *n*-doping of graphene \[[@B68-materials-13-01173]\]. Our experiments confirmed this theoretical prediction.

5. Conclusions {#sec5-materials-13-01173}
==============

We have compared three graphene films, synthesized by low-pressure CVD method on copper foils, pretreated in the same way. Methane and acetonitrile provided the necessary species for the growth of graphene and N-graphene, respectively, and P-graphene was produced using a mixture of methane and phosphine, taken in the ratio 10:1. The synthesis temperature was 1323 K for pure graphene, 1123 K for P-graphene and 1173 K for N-graphene. The lowering of the temperature and its addition to the reaction mixture heteroatoms resulted in the formation of different size domains in P-graphene and N-graphene. The films were successfully transferred to SiO~2~/Si substrates to study the structure by Raman spectroscopy, the electronic state by XPS and NEXAFS spectroscopy, and the electrical properties in the air at room temperature. Raman scattering revealed an increase of disorder in the graphene films with heteroatoms. The largest ratio of I~D~/I~G~ and the smallest ratio I~2D~/I~G~ were observed in the N-graphene spectrum. An upshift of the Raman peaks in this spectrum was related to the strong distortion of carbon bonds with the incorporation of nitrogen atoms and especially of pyrrolic N. The N 1s spectrum showed the predominance of this form in raw N-graphene. Annealing of the graphene samples in an ultra-high vacuum at 773 K for 1 h substantially reduced the amount of oxygen groups, developed during the wet transfer procedure and storage of samples in air environment, and defects in the graphene lattice. A comparison of the C 1s spectra of the annealed samples observed an upshift of the peaks for N-graphene and even more for P-graphene. This shift can be attributed to *n*-type doping of the graphene samples and might explain the increase of the sheet resistance, as related to pure, *p*-doped graphene. However, the change in the sheet resistance does not correlate with the doping level, estimated from the XPS data. Based on this fact, we concluded that scattering centers, created by heteroatoms and boundaries of domains, contribute to the sheet resistance. The poor connection of boundaries in N-graphene could be a reason of its lowest conductivity. NEXAFS and XPS spectra of this film detected many localized states around the Fermi level, which most likely correspond to the edges of domains and vacancies. These states can serve as adsorption sites in the sensors and scatters of phonons in devices where the control of thermal conductivity is important.
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![Structural characterization of graphene film (top), P-graphene film (center) and N-graphene film (bottom) located on SiO~2~/Si substrates: (**a**) Optical images; (**b**) SEM images; (**c**) Raman spectra measured at 514 nm.](materials-13-01173-g001){#materials-13-01173-f001}

![(**a**) Overall X-ray photoelectron spectroscopy (XPS) spectra of pure graphene, P-graphene, and N-graphene films annealed in spectrometer chamber at 773 K; Comparison of C 1s XPS spectra of pure graphene, P-graphene, and N-graphene films measured before (**b**) and after (**c**) annealing.](materials-13-01173-g002){#materials-13-01173-f002}

![(**a**) N 1s XPS spectra of N-graphene film measured at an excitation energy of 830 eV before (1) and after (2) annealing in spectrometer chamber at 773 K and at 500 eV after annealing; (**b**) Models of N-graphene and P-graphene with heteroatoms (nitrogen shown by blue and phosphorus shown by light blue) identified by XPS; (**c**) P 2p XPS spectrum of P-graphene film measured at an excitation energy of 200 eV after annealing.](materials-13-01173-g003){#materials-13-01173-f003}

![(**a**) Valence band XPS and (**b**) near-edge X-ray absorption fine structure (NEXAFS) C K-edge spectra of the annealed graphene, N-graphene, and P-graphene films. Inserts show the spectra near the Fermi level.](materials-13-01173-g004){#materials-13-01173-f004}

![Sheet resistance of pure graphene, P-graphene, and N-graphene measured at ambient conditions before (1) and after (2), the film annealing in ultra-high vacuum at 773 K.](materials-13-01173-g005){#materials-13-01173-f005}

materials-13-01173-t001_Table 1

###### 

Temperature (T~S~) and precursor used for the sample synthesis, ratio of I~D~/I~G~ from Raman scattering, number of layers (N~L~), content of heteroatoms, and binding energy (BE) of C 1s peak determined from XPS data, and sheet resistance of the annealed samples.

  Sample       T~S~ (K)   Precursor       I~D~/I~G~   N~L~   Heteroatom   BE (eV)   Resistance (kΩ/□)
  ------------ ---------- --------------- ----------- ------ ------------ --------- -------------------
  Graphene     1323       CH~4~           0.33        \~5    \-           284.47    1.3
  P-graphene   1123       10CH~4~/PH~3~   0.98        \~4    \<0.1% P     284.56    9.7
  N-graphene   1173       CH~3~CN         2.29        \~3    \~0.7% N     284.51    75.2
